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Abs act
Transparent conductive thin films are required for a variety
of optoelectronic applications, automotive and aircraft win-
dows as well as in solar cells for space applications. Transpar-
ent conductive coatings of indium-tin-oxide (ITO)--magne-
sium fluoride (MgF2) and aluminum doped zinc oxide (AZO)
at several dopant levels are investigated for electrical resistiv-
ity (sheet resistance), carrier concentration, optical properties,
and atomic oxygen durability. The sheet resistance valttes of
ITO-MgF 2 range from 102 to 101] ohms/El, with transmit-
tance of 75 to 86 percent. The AZO films sheet resistances
range from 107 to 1011 ohms/ILl with transmittances from
84 to 91 percent. It was found that in general, with respect to
the optical properties, the zinc oxide (ZnO), AZO, and the
high MgF 2 content ITO-MgF 2 samples, were all durable to
atomic oxygen plasma, while the low MgF 2 content of 1TO-
MgF 2 samples were not durable to atomic oxygen plasma ex-
posure.
Introduction
Transparent conducting thin film materials would have wide
application for heat mirrors, opto-electronic devices, 1gas sen-
sors, automotive and aircraft windows. The use of solar cells
for space applications also requires slightly conductive coat-
ings which are resistant to degradation caused by atomic oxy-
gen and ultraviolet (UV) radiation.
The development of a conductive protective coating is es-
sentia/for the operation and efficiency of photovoltaic sys-
tems for use in space environments. Atomic oxygen is the most
predominant environmental species from an altitude of
180 km (97 nmi) to 650 km (351 nmi) 2, and degradation by
atomic oxygen and or UV radiation may cause optical prop-
erty changes, thus affecting the performance of the system.
Another mechanism of degradation is surface charging,
which might lead to pinhole formation in the protective coat-
ings, as well as electronic interferences with the on-board
spacecraft systemsl A possible solution to this problem is to
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apply a surface coating material that is conductive, transpar-
ent, flexible, and resistant to atomic oxygen and UV radia-
tion. To discharge surfaces that are being charged by space
plasmas, a high resistivity to ground can be tolerated because
the plasma charging currents are small. 3 Materials applied over
a dielectric area must be grounded at the edges and must have
a resistivity less than 109 "ohms per square" (D/D) for geo-
synchronous orbit. The draining of surface charge for low Earth
orbit (LEO) polar spacecraft applications, requires a surface
was located approximately 20.3 cm downstream of the 2.5 cm
argon ion source. Various size wedges of magnesium fluoride
(MgF2) were placed on the riO target for simultaneous sput-
ter deposition with the 1TO. The same procedure was used for
simultaneous sputter deposition of ZnO and A1. The 2.5 cm
diameter ion source was operated at an ion beam energy of
1000 eV and an ion beam current of 35 mA. The water cooled
substrate holder was located approximately 15.3 cm from the
target and approximately 30.5 cm downstream of the 15 crn
resistivity of 108/Z/IZI. 4 Several candidate materials Which diameter source. To improve coating adherence, a 15 cm di-
might provide protection are transparent inorganic oxide coat- ameter ion source was operated with argon (Ar) at an ion en-
ings, and doped transparent inorganic oxide coatings, ergy of 250 eV and beam current of 35 mA to ion beam clean
The purpose of this research is to develop a conductive trans-
parent protective coating whose properties are durable to the
space environment. Indium-fin-oxide 0TO) has been recom-
mended as a conductive surface coating on spacecraft. 3 How-
ever, ITO atomic oxygen durability studies indicate that the
solar transmittance of 1TO is reduced as a result of the expo-
sure to atomic oxygen plasma, 4 (which also produces vacuum
UV radiation). Other studies have also shown an increase of
the ITO surface resistivity with atomic oxygen exposure. 4-6
Zinc oxide has been used in many applications due to its pi-
ezoelectric and pyroelectric properties. 1'7'$ Its properties, as
well as low cost, makes ZnO very attractive as a transparent
and conductive coating material. 9 Elements such as alumi-
num, !,9-12 indium, 1 and fluorine, 13 have been used to dope
zinc oxide to improve its optical and/or electrical properties.
In this paper we examine the surface resistivity (sheet resis-
tance), carrier concentration, mobility, and optical properties
of sputter deposited ITO-MgF 2, ZnO, and AZO. In addition
we examine the atomic oxygen durability of these thin film
materials.
Deposition of Thin Protective Coatings
An Ion Tech dual ion beam sputtering system was used to
sputter deposit thin film protective coatings oflTO-MgF 2 from
a water cooled, pressed powder target of In203 (91 percen0
SnO 2 (9 percent) with a wedge ofMgF 2 on the surface, a ZnO
(98 percent) A1203 (2 percent) (AZO) target, ZnO target, and
a ZnO with a wedge of A1 were also used. The configuration
of the ion source and target is illustrated in Fig. 1. The target
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the substrates for 2 rain prior to deposition. Air was also intro-
duced during deposition of ITO-MgF 2.Thin film coatings were
sputter deposited on fused silica substrates at an average 1TO-
MgF 2 deposition rate of 31 ]k/rain. Film thickness was mea-
sured on the fused silica substrates with a Sloan:Dektak llA
surface profiler. The film thickness ranged from approximately
900 to 1000 ]k. The average deposition rate for AZO on fused
silica substrates was 11/_/min, the film thickness ranged from
200 to 650 A.
A compromise between electrical conductivity and optical
transparency is required. An increase in thickness of the con-
ductive coating increases the electrical conductivity but it also
decreases the optical transmittance.
Qptical Properties
Optical measurements of coatings deposited on fused silica
substrates were made with a Perkin Elmer Lambda 9 UVMS/
NIR spectrophotometer operated with a 60 mm integrating
sphere. Integrated solar transmittance and solar reflectance
values were obtained by convoluting the spectral data into the
air-mass-zero (AM0) solar spectrum. The accuracy of mea-
surements are within +_2percent. Figure 2 illustrates the spec-
tral transmittance for ITO-MgF 2, AZO and ZnO thin films on
fused silica quartz. The transmittance of the ITO-MgF 2 coat-
ing increases with an increase in MgF 2 concentration. Spec-
tral variations at approximately 820 nm and 1920 nm are due
to the instrument filter changes.
The total transmittance and solar absorptance (oc) for the
thin films are shown in Table I. The absorptance was calcu-
I-
o
b-
1.OO
O.BO
0.60
0.40
0,20
0.00
250 700 1150 1600 2050
Wavele'n@th (.,"m"n)
Figure 2.-Total spectral transmittanoe of thin films.
/7.r%.--_.- __-_---ZC............
! --- _r_.._ I) ....::- t
2500
t ! !:
Table 1. Optical and Electrical properties of thin films
Thin Film
ITO
ITO/MgF,
(I - low)
ITO/MgF,
(II- high)
ITO/MgF, (III)
Total
Transmittance
0.720
0.750
0.855
0.790
Solar
Absorptanee
0.140
0.130
0.022
0.064
Total
Reflectance
0.140
0.120
0.123
0.146
Thickness
(t)
1000
1000
959
1115
Sheet
Resistance
(n /E])
I0'
I(F
I0'
I0'
ITO/MgF= (VI) 0.763 0.093 0.145 1042 103
ITO/MgFz (VII) 0.774 0.068 0.I59 I158 I0'
AZO (II) 0.833 0.013 0.153 624 10'
AZO 0ID 0.906 0.012 0.082 200 10"
ZBO 0.792 0.038 O.171 1068 I0'
lated from the reflectance and transmittance data. Values are
typically an average of two to five samples. A decrease in is
obtained with an increase of MgF 2 in the rro films.
Atomic Oxygen Durability.
Atomic oxygen exposure was conducted in a ground based-
plasma facility (SPI Plasma Prep IT). Atomic oxygen was gen-
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Figure &-Total spectral transmittance. (a) ITO/MgF (high MgF)
Before and after atomic oxygen exposure. (b) ITO/MgF (low
MgF) before and after atomic oxygen exposure,
erated in a small quartz vacuum chamber by RF (13.56 MHz)
dissociation of air at a pressure of approximately 90 mtorr.
The typical effective atomic oxygen flux during exposure was
approximately 8x 1015 atoms/cm2-sec based on the erosion of
Kapton in the plasma compared with known erosion in low
Earth orbit (LEO). 14 Samples were exposed to atomic oxygen
effective fluences between 5.4 and 6.4x1021 atomsdcm 2. Al-
though the atomic oxygen flux is accelerated compared to what
would be experienced in LEO, and the energy is lower (0.04
eV compared to 4.5 eV in LEO), plasma exposure can pro-
vide a good qualitative feel for material durability in LEO.
The changes in the spectral total transmittance of 1TO-MgF 2
upon exposure to atomic oxygen can be seen by comparison
on the plots shown in Fig. 3. Figure 3(a) shows the spectral
total transmittance of rro-MgF 2 (high MgF 2 concentration)
before and after exposure to an atomic oxygen fluence of
5.39xi021 atoms/cm 2. Figure 3Co) shows the total spectral
transmittance for a sample with a low dopant level of MgF 2
before and after atomic oxygen exposure to an effective fluence
of 5.39x1021 atoms/cm 2 or to same effective fluence as high
MgF 2. Figure 4 shows the total spectral transmittance for AZO
(2 percent A1) before and after atomic oxygen exposure.
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Table 2. The integrated solar optical properties of samples before and after atomic oxygen exposure
Thin Film
ITO-MgF2 CO
(low % MgF=)
ITO-MgF,(II)
(high % MgF2)
ITO-MgF= (III)
ITO-MgF= (IV)
ITO-MgF 2 (VII)
ITO-MgF 2 (VIII)
AZO or)
ZnO CO
Transmittance
•r.,: 0.748
x,: 0.741
Before AO
Reflectance
rl, w ....
x,: 0.855 p ,: 0.123-
x,: 0.841 p ,: 0.115
x,: 0.842
x,: 0.834
p ,: 0.146
p ,: 0.138
p ,: 0.119
p,: 0.112
p ,: 0.159
p ,: 0.154
•r,: 0.824 p ,: 0.145
t x,: 0.818 p ,: 0.136
x,: 0.833 p ,: o. 159
x,: 0.821 p ,: 0.149
p ,: 0.171
p ,: 0.157
Abserptance
ct: 0.105
Transmittance
After AO
Reflectance
p ,: 0.089
p ,: 0.083
Absorptance
cz: 0.256
a: 0.022 z,: 0.870 p ,: 0.086 a: 0.049
•q: 0.860 p ,: 0.076
ec: 0.064 "r.,:0.846 p ,: 0.108 a: 0.047
•q: 0.835 p ,: 0.096
a: 0.039 x,: 0.895 p ,: 0.085 a: 0.020
•q: 0.868 p ,: 0.075
ct: 0.068 x,: 0.657 p ,: 0.167 ¢: 0.176
L: 0.652 p ,: 0.162
_t: 0.032 _: 0.816 p ,: 0.094 a: 0.090
x,: 0.809 p ,: 0.089
a: 0.008 x,: 0.845 p ,: 0.136 a: 0.019
z,i 0.838 p ,: 0.131
ct: 0.038 a: 0.046•q: 0.838
'r,: 0.831
p ,: 0.116
p ,: 0.111
The integrated solar optical properties (total transn_ttance
(xt), specular transmittance (Xs), total reflectance (Pt), specular
reflectance (Ps) and absorptance) of all samples exposed to
atomic oxygen, prior to and after exposure, are l_ted in
Table 2. The rrO-MgF 2 samples with apparently low_MgF 2
content (I and VII) have initially lower total transnl!ttance
(0.748 and 0.774, respectively), similar to the ITO Without
any MgF 2 (0.720), and these samples are found to decrease in
transmittance and increase in absorptance with atomic oxy-
gen exposure. This behavior is very similar to the reaction of
ITO to atomic oxygen plasma exposures. 4Decreases in trans-
mittance of ITO samples are generally attributed to _e UV
radiation which is present during plasma ashing. 4'5 Tl_e addi-
tion of greater amounts of MgF 2 to ITO (II and IV) not: only
results in greater initial transmittance (0.855 and 0.8_42, re-
spectively), but these samples are found to increases in trans-
mittance with atomic oxygen exposure (to 0.870 and0.895,
respectively). The solar absorptance of the lower MgF2 con-
tent films (I and VID increased from 0.105 and 0.068 t_o0.256
and 0.176, respectively. While the absorptance of the-higher
MgF 2 content films (II and IV) increased and decreased, re-
spectively. These changes in the optical properties of_e high
MgF 2 content ITO samples may be attributed to index of re-
fraction changes associated with oxidation of the Mg_. ITO-
MgF 2 CII) increased from 0.020 to 0.049, while ITO-MgF 2
(IV) decreased from 0.039 to 0.020. Both the AZO and the
ZnO films reacted similarly when exposed to atomic oxygen.
Both the AZO CID and the ZnO (II) films increased _n total
transmittance from 0.833 and 0.792 to 0.845 and 0.838, re-
spectively, and increased in solar absorptance from 0.008 and
Z
0.038 to 0.019 to 0.046, respectively. All samples except one
(ITO-MgF 2 (VII)) experienced a decrease in both to_ti and
specular reflectance with atomic oxygen exposure. The-sample
which did not decrease in reflectance, increased only slighdy,
from a total reflectance of 0.159 to 0.167. In general, with
respect to the optical properties, the AZO, ZnO, and the high
MgF 2 content ITO-MgF 2 samples, were all found to be du-
rable to atomic oxygen, while the low MgF 2 content ITO-MgF 2
samples were not durable to UV containing atomic oxygen
environments.
Electrical Pro_rties
Sheet resistance measurements were made on film samples
using pressure contacts on wire leads attached with conduc-
tive silver paint. In general, alternating current (19.5 Hz) was
used for samples with sheet resistance below 104 D/El, direct
current was used for samples with higher resistance. Four-
lead techniques were used whenever possible; however, some
high-resistance samples were measured by two-lead methods.
Power dissipation in samples was kept below 15 _tW to avoid
self-heating effects. Hall measurements were made by similar
techniques in a magnetic field of 1.2 Tesla to obtain informa-
tion on carrier concentration and mobility.
Our results on the electrical properties of ITO-MgF 2, ZnO,
and AZO films are summarized in Table 3. The Hall data sug-
gests that adding MgF 2 to ITO reduces carrier concentration
and mobility, both increasing the resistance. This raises the
question of stability, since the resistance of pure ITO films,
prepared to have low carrier concentration and mobility,
changes drastically when heated.
The sheet resistance of several samples were measured af-
ter atomic oxygen exposure, are shown in Table 4. These pre-
liminary results suggest that the electrical properties are af-
fected by atomic oxygen exposure. More tests are planned to
investigate the effects of atomic oxygen on the electrical prop-
erties of these coatings.
Ill
Table 3. Electrical properties of thiri films at room temperature
Thin Film Thickness
CA)
Sheet
Resistance
(t_ /t3 )
Carrier
Concentration
(electrons/_ra')
Mobility
(_W¢ s)
ITO 1000 10' I0 _ 17 - 20
ITO/MgF2 (1) 1000 I0:
(low % MgF_)
[TO/MgF, (II) 959 10'
(high % MgF3)
ITO/MgF 2 I 115 10_
(vzz)
ITO/MgF2 (VI) 1042 10' 10" 2.8
ITO/MgF: (VII) llY > 10" < 1
7.nO
1158
559AZO(I) 10'
AZO 01) 624 10'
AZO (III) 150 10"
1068 10_ 10" 5,8
Table 4. Sheet resistance of thin films before and after atomic oxygen exposure
Thin Film Sheet Resistance (1_ /D ) Sheet Resistance (0 /I"l )
(Before AO Exposure) (After AO Exposure)
ITO/MgF, (III) 1 x 10' 8 x IlY
ITO/MgF 2 (VTD 5 x 10J I x 10'
AZO 0J) I x 10' 2 x lf_
Conclusions
Transparent conductive coatings of indium-tin-oxide (ITO)-
magnesium fluoride (MgF2) and aluminum doped zinc oxide
(AZO) were prepared by ion beam sputter deposition. Simul-
taneous ion beam sputter deposited indium-tin-oxide (ITO)
and magnesium fluoride (MgF2) at several dopant levels were
investigated for electrical resistivity, optical properties and
atomic oxygen durability. Results show sheet resistance val-
ues ofITO-MgF 2 range from 102 to 10 11 D./,, with transmit-
tance of 75 to 86 percent. The AZO films investigated show a
sheet resistance value of 107 to 1011 D,/1SIand transmittance
of 84 to 91 percent. In general, with respect to the optical prop-
erties, the AZO, ZnO, and the high MgF 2 content ITO-MgF 2
samples, were all found to be durable to UV containing atomic
oxygen, while the low MgF 2 content ITO-MgF 2 samples were
not durable to UV containing atomic oxygen environments.
References
1.K.L. Chopra, S. Major, and D.K. Pandya, "Transparent
Conductors--A Status Review, Electronics And Optics," Thin
Solid Films, 102 (1983) 1-46.
2.B.A. Banks, M.J. Mirtich, S.K. Rutledge, D.M. Swec, and
H.K. Nahra, '_lon Beam Sputter-Deposited Thin Film Coat-
ings for Protection of Spacecraft Polymers in Low Earth Or-
bit," NASA TM-8705 I, Proceedings of the AIAA 23rd Aero-
space Sciences Meeting, Reno, NV, Jan. 14-17, 1985.
3.C.K. Purvis, H.B. Garrett, A.C. Whittlesey, and N.L Stevens,
"Design Guidelines for Assessing and Controlling Spacecraft
Charging Effects," NASA TP-2361, 1984.
4.B.A. Banks, and C. LaMoreaux, "Performance and Proper-
ties of Atomic Oxygen Protective Coatings for Polymeric
Materials," 24th International SAMPE Technical Conference,
Toronto, Canada, October 20-22, 1992.
5.ED. Hambourger, M. Gibberman, C.L Kennick, 3. Marino,
R. Synowicki, B. De, J. Hale, J. Peterkin, and J. Woollam,
"Electrical and Optical Properties of Indium Tin Oxide Films
Exposed to R,E Oxygen Plasma," presented at the Interna-
tional Conference on Metallurgical Coatings and Thin Films,
San Diego, CA, Apr. 1991.
6.M.J.Mirtich,S.K.Rutledge,N. Stevens, R. Olle, and J.
Merrow, "Ion Beam Textured and Coated Surfaces Experi-
ment (IBEX)," presented at the First LDEF Post-Retrieval
Symposium, Kissimmee, FL, June 2-8, 1991.
7.D.L. Polla, and R.S. Muller, "Zinc-Oxide Thin Films for
Integrated-Sensor Applications," Novasensor, the 1986 EEEE
Solid-State Sensor Workshop 3, 1986.
8.H. Nanto, T. Minami, S. Shooji, and S. Takata, '_Electrical
and Optical Properties of Zinc Oxide Thin Films Prepared by
RF Magnetron Sputtering for Transparent Electrode Applica-
tions, "Journal of Applied Physics 55 (4), Feb. 1984, pp. 1029-
1034.
9.T. Minami, H. Nanto, and S. Takata, "Optical Properties of
Aluminum Doped Zinc Oxide Thin Films Prepared by RF
Magnetron Sputtering," Japanese Journal of Applied Physics,
Vol. 24, No. 8, Aug. 1985, pp. L605-L607.
10.Z.C. Jin, I. Hamberg, and C.G. Granqvist, "Optical Prop-
erties of Transparent and Heat Reflecting ZnO:A1 Films Made
by Reactive Sputtering," Applied Physics Letter 51 (3), July
1987, pp 149-151.
I 1.H. Rafla-Yuan, and J.F. Cordaro, "Optical Reflectance of
Aluminum-Doped Zinc Oxide Powders," Journal of Applied
Physics 69 (2), Ian. 1991, pp. 959-964.
12.J. Cordaro, and C. Stein, "Molecular Engineering of Pig-
ments for Degradation-Resistant Thermal Control Coatings,"
AIAA Materials Specialist Conference-Coating Technology
for Aerospace Systems, Apr. 16--17, 199 l, Dallas, TX.
13.R.G. Gordon, "Characterization and Comparison of Opti-
cally Transparent Conducting Films," SERI TP-211-3666,
Mar. 1990.
14.L.J. Luger, and J.T. Visentine, "A consideration of Atomic
Oxygen Interactions with the Space Station," Journal of Space-
craft, vol. 23, no. 5, Sept.-Oct. 1986.
] i i

Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188
Public reporting burden for this collection of information is estimate<_ to average 1 hour per response, including the time for reviewing instructions, searching 'existing data sources,
gathering and maintaining the data needed, and com ple!ing and.revtew_g the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions 1or reducing this Dgroen, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 222024302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVEHED
January 1994 Technical Memorandum
4. TITLE AND SUBTITLE
Transparent Conducting Thin Films for Spacecraft Applications
6. AUTHOR(S)
Maria E. P_rez-Davis, Tania Malavr-Sanabria, Paul Hambourger,
Sharon K. Rudedge, David Roig, Kim K. de Groh, and Ching-Cheh Hung
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135-3191
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
National Aeronautics and Space Administration
Washington, D.C. 20546-0001
5. FUNDING NUMBERS
WU-506-M 1--41
8. PERFORMING ORGANIZATION
REPORT NUMBER
E-8332
10. SPONSORING/MONITORING
AGENCY REPORT NUMBER
NASATM-106466
AIAA-94--0375
11. SUPPLEMENTARY NOTES
Prepared for the 32nd Aerospace Sciences Meedng and Exhibit sponsoredby the American Institute of Aeronautics and Astronautics, Reno, Nevada,
January 10-13, 1994. Maria E. Prrez-Davis, Sharon ICRudedge, Kim K. de Groh, and Ching-Cheh Hung, NASA Lewis Research Center;,Tania Marlavr-
Sanabria,Ohio Aerospace Institute, 22800 Cedar Point Road, Brook Park, Ohio 44142 and Summer Student Intern at NASA Lewis Research Center, and
Paul Hambourger and David Roig, Cleveland StateUniversity, Cleveland, Ohio 44115 (work funded by NASA Cooperative Agreement NCC3-19).
Responsible person rMaria E. Prrez-Davis, (216) 433--6115.
12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified - Unlimited
Subject Category 20
13. ABSTRACT (Maximum 200 words)
Transparent conductive thin films are required for a variety of optoelectronic applications, automotive and aircraft
windows as well as in solar cells for space applications. Transparent conductive coatings of indium-fin-oxide (ITO)---
magnesium fluoride (MgF 2) and aluminum doped zinc oxide (AZO) at several dopant levels are investigated for
electrical resistivity (sheet resistance), carrier concentration, optical properties, and atomic oxygen durability. The sheet
resistance values of ITO-MgF 2 range from 102 to 1011 ohms/[], with transmittance of 75 to 86 percent. The AZO films
sheet resistances range from 107 to 1011 ohms/l"l with transmittances from 84 to 91 percent. It was found that in
general, with respect to the optical properties, the zinc oxide (ZnO), AZO, and the high MgF 2 content ITO-MgF 2
samples, were all durable to atomic oxygen plasma, while the low MgF 2 content of ITO-MgF 2 samples were not
durable to atomic oxygen plasma exposure.
14. SUBJECT TERMS
Thin films; Electrical properties; Optical properties, Atomic oxygen; Inorganic coatings
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIRCATION
OF REPORT OF THIS PAGE
Unclassified Unclassified
NSN 7540-01-280-5500
19. SECURITY CLASSIFICATION
OF ABSTRACT
Unclassified
15. NUMBER OF PAGES
8
16. PRICE CODE
A02
20. LIMITATION OF ABSTRACT
Standard Form 298 (Rev. 2-89)
Proscribedby ANSI Std.Z39-18
298-102
;1 !1
